A β-type carbonic anhydrase, PtCA1, of the marine diatom Phaeodactylum tricornutum was previously shown to be present in the chloroplast as clumped particles on the girdle lamellae. A series of deletions was carried out on the PtCA1 gene, ptca1, at regions encoding N-or C-terminal domains of the mature PtCA1. These deletion constructs were fused with the EGFP [enhanced GFP (green fluorescent protein)] gene, egfp, introduced and expressed in the cells of P. tricornutum. All three types of Nterminal deletions, 52-63, 64-75 and 76-87 relative to the initiation methionine, showed little interference with the particle formation of the PtCA1::GFP fusion protein. Similarly, one of the three types of C-terminal deletions, 253-262, was silent. However, the remaining two C-terminal deletions, 263-272 and 273-282 relative to the initiation methionine, were strongly inhibitory to the particle formation of PtCA1. Finally, substitutions of all five hydrophobic residues resulted in an efficient inhibition of particle formation and the GFP signal was totally dispersed throughout the stroma area. These results strongly suggest that the amphipathic C-terminal helix of PtCA1 plays an essential role in the formation of the macromolecular protein complex.
INTRODUCTION
The acquisition of carbon dioxide is the main problem of photosynthetic carbon metabolism. It is generally believed that in C 3 -type photoautotrophs, CO 2 simply diffuses throughout the stroma and, hence, photosynthesis is severely influenced by oxygen. On the other hand, there are active systems to concentrate CO 2 in many types of photoautotrophs, in which high-affinity photosynthesis can operate. Flux control of inorganic carbon at the interior of the chloroplast is probably a crucial step to increase the efficiency of CO 2 supply to the site of CO 2 fixation, but this aspect still remains to be studied in detail.
Marine diatoms belong to the heterokontophyta and are believed to have arisen by secondary symbiosis. This evolutionary event conferred on cells a unique and complicated plastid structure surrounded by a four-layered membrane system, which is fused with the endoplasmic reticulum and the nuclear envelope at the outermost layer [1] . Marine diatoms are the most important group of algae in the ocean that produce about a quarter of the primary organic carbon on the earth. The CO 2 acquisition system in marine diatoms is yet to be elucidated but a substantial body of data from previous investigations have shown that a number of different species of marine diatoms possess active uptake mechanisms for both CO 2 and HCO 3 − , which is termed as the inorganic-carbon-concentrating mechanism, CCM (carbonconcentrating mechanism) [2] [3] [4] [5] [6] [7] . It has also been suggested that some diatoms might have developed the C 4 -type pathway additionally to the CCM [8, 9] . However, detailed relations of these two systems in diatoms are so far unknown and the general occurrence of the C 4 system in diatoms is still controversial [10, 11] . The direct concentrating mechanism for inorganic carbon (CCM) occurs in most of the microscopic algae, cyanobacteria and chemoautotrophs [12] [13] [14] [15] [16] . Their CCMs are quite diverse and proteins that take part in the function of CCMs seem to be different depending on species. Beyond the biological diversity of the mechanism, however, they reveal an interesting common aspect in their CCM. That is, accumulated inorganic carbon is maintained in their cells or chloroplast and an ample flux of CO 2 is created in the close proximity of the CO 2 -fixing enzyme, Rubisco (ribulose-1,5-bisphosphate carboxylase/oxygenase) [17, 18] .
In this process of CCMs, intracellular CAs (carbonic anhydrases), which are specifically localized in a variety of cellular loci, are known to play crucial roles. To date, an α-type CA, designated as Cah3, in the thylakoid lumen of the green alga, Chlamydomonas reinhardtii, is known to be an essential factor for cells to grow under CO 2 limitation [19] . Similarly, Cah6, which occurs in the stroma of C. reihardtii, is also postulated to create a leakage barrier by forming HCO 3 − under alkaline conditions of stroma during active photosynthesis [20] . In another well-studied model of CCMs, cyanobacteria, internal CAs are demonstrated to be a vital part of their CCM [18, 21] . That is, a CA named CcaA located at the carboxysome, a polygonal intracellular body that plays a central role in the cyanobacterial CCM, has recently been proved to be a building block of the carboxysome shell [22, 23] and constitutes a proximal pathway to supply CO 2 to Rubisco from accumulated HCO 3 − [21] . Since expression of extrinsic CA in the cytosol of a cyanobacterium had transformed cells into high CO 2 -requiring phenotype [24] , it has been believed that an appropriate compartmentalization of CA activity inside the cell must be an essential factor for the CCM to operate. Likewise, in a number of eukaryotic algae, a chloroplastic body, pyrenoid, is believed to play a central role in chloroplast-based CCMs [15] . Indeed, Cah3 is known to be located in the thylakoid lumen that penetrates the pyrenoid in C. reihardtii [25] [26] [27] . The biochemical properties and function of pyrenoids are largely unknown except that pyrenoid is formed in the stroma under CO 2 limitation and that most of the Rubisco is compartmentalized in it [15, 28] . For chloroplasts in eukaryotic algae to create an efficient flux of CO 2 to Rubisco, specific and highly localized biochemistries would work in order to control CO 2 flux and other homoeostatic balances. Most probably, the microstructure that enables such highly regulated metabolisms in the chloroplast would require many assemblies of clustered reactions in compartmentalized portions of the stroma as observed typically in the case of pyrenoids.
In the marine diatom Phaeodactylum tricornutum, two β-type CAs, PtCA1 and PtCA2, were isolated and localized in the stroma [29] [30] [31] . Both these CAs form multiple numbers of large clumped particles of 0.3-3 μm size presumably at the surface of the girdle lamellae [29, 31] , the outer most thylakoid membrane specifically seen in chromophyta. Since these enzymes formed particles only when they were expressed in the chloroplast, it was suggested that PtCAs form the macromolecular complex with some unknown stromal factors or with other abundant stromal proteins such as Rubisco [29] . The function of PtCAs and implications of these macromolecule formations are so far unknown. Previous reports showed that the membrane-permeable CA inhibitor, EZA (ethoxyzolamide), specifically abolished only the affinity but not the capacity for photosynthesis in P. tricornutum grown under CO 2 limitation [32] and that PtCA1 and PtCA2 showed de-repressive expressions on CO 2 limitation [30, 33, 34] . PtCA1 also responds to light at transcriptional levels [33, 34] . Given these, it is strongly suggested that these CAs participate in flux controls of CO 2 in the chloroplast under [CO 2 ] limitation. Macromolecules of PtCAs were not observed at the central part of the chloroplast [29, 31] , and thus particles on the girdle lamellae would create highly localized CA reactions at the thin layers between the chloroplast envelope and the girdle lamellae, a globe-shaped thylakoid structure [29] . Although it is totally unknown what type of reactions are located beside CA particles and how these particles are stabilized, it is highly probable that biochemical reactions in the stroma are not necessarily distributed uniformly but may constitute mottled distributions of biochemical components in the proximity of particular reactions sustained by such a compartmentalized structure, which would enable the chloroplast to drive many essential reactions beyond the diffusion limit of substrates.
Understanding the molecular bases of the particle formation of PtCAs would be a crucial first step to identify the association partners for this enzyme and the characterization of reactions preferentially occurs close to the CA particles. In the present study, molecular mechanisms of the particle formation of the chloroplastic CAs were elucidated using the marine diatom P. tricornutum.
EXPERIMENTAL

Cells and culture conditions
The marine diatom P. tricornutum Bohlin UTEX642 was obtained from the University of Texas Culture Collection (Austin, TX, U.S.A.) and was grown in artificial sea water containing half-strength Guillard's F solution (F/2ASW) [35, 36] , which was additionally buffered with 10 mM Tris/HCl (pH 8.2) under continuous illumination at a photon flux density of 70 μmol · m − 2 · s − 1 at 20 • C. The culture was continuously aerated with atmospheric air.
Preparation of ptca1::egfp fusion constructs
Fusion constructs were designed to encode polypeptides as shown in Figure 1 . The full-length ptca1 cDNA [32] , which encoded presequence (Pre46AA), and the following mature region of PtCA1 (mPtCA1) were ligated with the EGFP [enhanced GFP (green fluorescent protein)] gene, egfp ( Figure 1B, intact) . With this base construct as a template, each N-or C-terminal deletion construct of the PtCA1 was made by the PCR-based technique using the DNA polymerase KOD-Plus (Toyobo). To delete the N-terminal 53-63 amino acids relative to the initiation methionine ( N53-63), two fragments were amplified by PCR. The 5 sequence 1-156 bp of the coding region of ptca1 was amplified with a forward and a reverse primer set, ptcasigE1Fw (5 -GGGAATTCCCATGAAGTTCTTGTCAGC-3 ) and PtCA52Rv (5 -GAATTTTTTATTTCCATCTTCGGCGCCG-3 ), which are attached at their 5 termini to the EcoRI site and the 190-207 nt sequence respectively (corresponding to the 64-69 amino acid sequence relative to the initiation methionine) from the initial base of the ORF (open reading frame) of ptca1. The 3 -terminal part of ptca1 from 190 bp relative to the initial base of the ptca1 ORF with fused egfp was amplified by a forward and a reverse primer set, PtCA64Fw (5 -GATGGAAATAAAAAATTCAT-TGAAACC-3 ) and egfpHindIIIRv (5 -CCCAAGCTTGGGTT-ACTTGTACAGCTCGTC-3 ), which are attached to the HindIII site at its 5 -terminus. These two fragments were mixed and merged by the annealing process, and the full-length ptca1::egfp fusion, which encoded N53-63 deletant, was amplified by PCR with the forward and the reverse primers, ptcasigE1Fw and egfpHindIIIRv respectively. Constructs encoding five other deletants, N64-75, N76-87, C253-262, C263-272 and C273-282 (Figure 1) , were made by the same method based on PCR using each specific inner primer as described below. For N64-75, PtCA63Rv (5 -CGGCATCCTGAAAGATCTCAGT-GATGTCGAGG-3 ) and PtCA76Fw (5 -CAGGATGCCGCTTA-TTTTGA-3 ) were used respectively to amplify upstream and downstream fragments from the deletion site. Similarly, for N76-87, PtCA75Rv (5 -TGGGAGAGTGCGCCTTCTTGG-TTTCAAT-3 ) and PtCA88Fw (5 -CACTCTCCCAAGTACT-TGTACATTG-3 ); for C253-262, PtCA252Rv (5 -CATCG-AGCTCACTCATAATGGCACCAGTCTT-3 ) and PtCA263Fw (5 -ATGAGTGACCTCGATGCCA-3 ); for C263-272, PtCA262Rv (5 -CAAGTCGTAGTACTTGTCGAAGTCAACC-TGC-3 ) and PtCA273Fw (5 -TACGAACTTGAAAACGCCA-3 ); and for C273-282, PtCA272Rv (5 -TGCTCACCATCAAA-TCATAAATGGCATCGA-3 ) and egfpFw (5 -ATGGTGAGC-AAGGGCGAGGA-3 ), were used as inner primers. These constructs were digested with EcoRI and HindIII and packaged into the EcoRI and HindIII sites of the transformation vector pPha-T1 [37] , which is equipped with the bleomycin-resistant gene, shble. The inserted gene was under the control of the promoter sequence for fucoxanthin-chlorophyll a/c-binding protein A (PfcpA).
Point mutation of the hydrophobic cluster
Each or all hydrophobic residues that constitute the C-terminal hydrophobic cluster of PtCA1 were replaced with a hydrophilic residue with a side chain of similar structure and size, glutamate. Each codon for cluster-forming residues, Met 263 , Leu 266 , Ile 269 , Leu 272 and Leu 275 , was changed to that for a glutamate residue on the primer for inverse PCR, and the entire sequence of vectors including the intact ptca1::egfp fusion was amplified by inverse PCR. The resulting fragments including substitutions at each site encoding a hydrophobic residue (see Figure 4 ) were circularized and used as vectors. To prepare the substitution construct for all hydrophobic residues in the cluster, mutation was introduced sequentially by five duplications of inverse PCR.
Transformation of P. tricornutum and screening of transformants
Each vector containing an egfp fusion was introduced into wildtype cells of P. tricornutum by microprojectile bombardment using the Bio-Rad Biolistic PDS-1000/He Particle delivery system (Bio-Rad). Transformation was carried out as described by Zaslavskaia et al. [37] . P. tricornutum cells grown in air under continuous illumination were harvested at mid-exponential phase (D 730 0.3-0.4). Approx. 5 × 10 7 cells were spotted, as a plaque of 2.5 cm diameter, on the surface of the F/2ASW agar plate. A 500 μg portion of tungsten microcarriers (particle size: 1.1 μm) was coated with approx. 1 μg of plasmid DNA containing 1 M CaCl 2 and 16 mM spermidine. The bombardment was done at 1550 psi (1 psi = 6.9 kPa) under the negative pressure of 27 inches mercury with a target distance of 6 cm. Bombarded cells were cultured for 1 day under illumination and were suspended in 5 ml of F/2ASW. After the centrifugation at 1700 g at 20
• C for 5 min, cells were resuspended in 0.3 ml of F/2ASW, plated on to an F/2ASW agar plate containing 100 μg/ml of Zeocin (Invitrogen).
Zeocin-resistant cells were isolated and the expression of GFP in these cells was observed. GFP-positive cells were subjected to further experiments.
Sectioning fluorescent microscopy
Microscopic fluorescent images of chlorophyll a/c autofluorescence and GFP were constructed by a combination of a sectioning fluorescent microscopy system, DeltaVision (Applied Precision) and softWoRx version 2.5, image analysis and model-building software (Applied Precision). To acquire the chlorophyll a/c autofluorescence images, a CY-5 excitation filter (640/20) and CY-5 emission filter (685/40) were selected for excitation and catching fluorescent emission respectively. The GFP fluorescent images were also taken by the GFP excitation filter (470/40) and the GFP emission filter (525/50). Durations of exposure were set between 0.5 and 2.0 s and a deconvolution was carried out to the images obtained to remove noise. To obtain 3D (threedimensional) images, a desired object of images was isolated using the function of a 2D (two-dimensional) polygon finder (Applied Precision) and each 2D polygon data set was integrated to establish polygonized 3D images using the function of a 3D object builder (Applied Precision).
Structure analyses of PtCA1
Hydrophobic cluster and secondary structures of PtCAs were predicted by GENETYX version 5.1 (GENETYX). Tertiary structures of PtCAs were predicted by the protein structure modelling algorithm LOOPP (http://cbsuapps.tc.cornell.edu/ loopp.aspx). Predicted tertiary structures of PtCAs were visualized by the molecular visualization software Ras Top (http:// www.geneinfinity.org/rastop/). The secondary structure of the C-terminal region of PtCA1 was further verified by the New Joint Method (http://mbs.cbrc.jp/papia/howtouse/howtouse_ssp_pdb .html), which is the combined prediction algorithm based on five independent prediction methods.
Sequence data reported in this paper can be found in GenBank ® , EMBL, DDBJ and GSDB Nucleotide Sequence Databases under the accession numbers AF414191 and AB188829.
RESULTS
N-or C-terminal deletions of mature PtCA1
The cDNA of the PtCA1 gene, ptca1, encodes a polypeptide that comprises 282 amino acids [32] . Of this encoded polypeptide, the N-terminal 46-amino-acid sequence ( Figure 1A , underlined) was known to be a presequence, Pre46AA, which is excised when this protein precursor has traversed the four-layered chloroplast membranes [29, 32] . Consequently, mature PtCA1 protein (mPtCA1) forms clumped particles in the stroma, presumably aided by chloroplastic proteins or other unknown chloroplastic factors [29] . The molecule of mPtCA1 might possess a polypeptide moiety, which interacts with clump-forming factors and/or with PtCA1 itself, besides the active centre of the CA reaction ( Figure 1A , putative zinc ligands are indicated by asterisks). This consideration prompted us to construct a series of N-or C-terminal deletion constructs of mPtCA1. A series of deletions was carried out to the ptca1 cDNA corresponding to the N-or C-terminal regions of mPtCA1 ( Figure 1A , sequences between black arrowheads) and the EGFP gene, egfp, was fused with 3 termini of deletion constructs of ptca1 cDNA. Each egfp fusion construct was packaged into the transformation vector pPha-T1 [37] and transformed into cells of the marine diatom P. tricornurtm as described in the Experimental section. Schematic drawings of the expected products of these fusion constructs are illustrated in Figure 1 (B). These GFP fusion proteins were designated as N53-63, N64-75, N76-87, C253-262, C263-272 and C273-282 ( Figure 1B , a-f). For the control experiment, a GFP fusion protein with the intact ptca1 cDNA was also produced in cells of P. tricornutum ( Figure 1B, intact) . Polygonization of integrated sectioning images was carried out to construct 3D models of chlorophyll and GFP fluorescence in transformants e and f ( Figure 2B ). The chloroplast region of the transformant e ( Figure 2B , a) revealed a mottled pattern of chlorophyll and GFP fluorescence, which was more obvious in the surface image of the polygonized model ( Figure 2B ; b and c). A part of the sectioning image of the chloroplast ( Figure 2B , b, red broken-line box) was cut out of the model ( Figure 2B ; d) and was rotated by 90
• on the horizontal axis ( Figure 2B ; e). The roundsliced image of the chloroplast clearly showed the localization of the GFP signal at the central part of the chloroplast surrounded by the lamellae structure of the thylakoid (Figure 2B ; e). Rotation images of the 3D model further demonstrated that chlorophyll and GFP fluorescence did not overlap within the chloroplast ( Figure 2B ; f). and GFP signal is widely dispersed in the stroma ( Figures 2B; f and g ). The very similar dispersion of GFP signal within the stroma was also observed in the transformant f ( Figure 2B ; h-n).
3D structure analysis of PtCA1
3D model of PtCA1 protein was predicted by the LOOPP algorithm. Based on the crystal structures of proteins that are more than 27 % homologous with PtCA1, this analysis gave three models with a similar tertiary structure but there were slight differences in N-and C-terminal structures; that is, the N-terminal helix revealed slightly different angles depending on models and the C-terminus was predicted to be α-helices in all three models. These helix models were based on the crystal structures of β-CAs from Haemophilus influenzae and Escherichia coli (results not shown). The region shown to be crucial for particle formation of PtCA1 in the deletion experiment demonstrated in Figure 2 was 263-282 at the C-terminus of PtCA1. In the LOOPP models, all helix models at the C-termini indicated that the predicted Cterminal helix corresponded to 262-280 amino acids relative to the initiation methionine. The secondary structure of this region was further verified to be an α-helix with a probability of 80-100 % by the New Joint Method. One of the C-terminal helix models of predicted PtCA1 structures is shown in Figure 3(A) . These results prompted us to investigate the protein chemical properties of the C-terminus of PtCA1 in detail.
Hydrophobic cluster analysis was carried out on the C-terminal region (from 253 to 282 amino acids relative to the initiation methionine) of PtCA1 using a genetic-information-processing software, GENETIX. Interestingly, when the amino acid sequence of this C-terminal region was arranged to reflect the topology of the α-helix structure, this region was shown to contain an evident hydrophobic cluster ( Figure 3B ) and all three helix models showed the same amphipathic helix at their C-termini (results not shown). This cluster was composed of Met 263 , Leu 266 , Ile 269 , Leu 272 and Leu 275 , which occurred at every three residues in this region ( Figure 3B ), and these hydrophobic residues appeared to orient to the half side of the C-terminal helix ( Figure 3C ). Hydrophobic cluster analysis was also carried out with PtCA1 homologues from other origins, Cocomyxa sp., Porphyridium purpureum and Saccharomyces cerevisiae, all of which belong to the same subclade of β-CA [30] . However, the hydrophobic cluster was found in none of these β-CAs at the C-terminal region (Supplementary Figure S1 at http://www.BiochemJ.org/bj/ 419/bj4190681add.htm). In addition, in the present study, PtCA2, a paralogue of PtCA1, which was previously shown to form strikingly similar particles on the girdle lamellae of P. tricornutum [31] , was also shown to possess an analogous hydrophobic cluster, Met 254 Figure S2 at http://www.BiochemJ.org/bj/419/ bj4190681add.htm).
Substitution analysis of hydrophobic residues in the cluster
We further followed up the detailed functions of the clustercomposing residues. Each or all of the hydrophobic-cluster residues, Met 263 , Leu 266 , Ile 269 , Leu 272 and Leu 275 , was replaced with a hydrophilic residue, glutamate residue, which possesses a side chain of similar size and a structure to those of clusterforming residues, and designated respectively as M263E, L266E, I269E, L272E, L275E and M263E/L266E/I269E/L272E/L275E (Figure 4, g-l) . 3D structure analysis of the substituted product, M263E/L266E/I269E/L272E/L275E (Figure 4l) , by using the LOOPP algorithm showed an intact C-terminal helix structure, indicating that hydrophilic substitution had little influence on the secondary structure of the C-terminal helix (results not shown). These substitution constructs were expressed in P. tricornutum with the chloroplast transit, Pre46AA, as GFP fusion proteins (Figure 4, upper part) , and the resulting transformants with constructs g-l were observed by using a sectioning microscope ( Figure 5 ). Single substitutions of Met 263 , Leu 266 or Ile 269 into glutamate residues revealed a moderate but significant effect to disperse the GFP signal of the introduced PtCA1::GFP
Figure 4 Design of the substitution constructs for hydrophobic residues at the C-terminal helix
The PtCA1::GFP fusion product is depicted in the upper part. Abbreviations: 'WT', the C-terminal 263-275-amino-acid sequence of the intact PtCA1 is expanded with the corresponding nucleotide sequence below the schematic diagrams of GFP fusion; g-k, single amino acid substitutions into glutamate residues were introduced into each constituent of the hydrophobic cluster, Met 263 , Leu 266 , Ile 269 , Leu 272 and Leu 275 respectively; l, substitutions of all five hydrophobic residues were also introduced into this region by sequential mutations of five hydrophobic residues. fusion in the stroma ( Figure 5A; g-i) . In most of the clones of these transformants, there were still particles observed, but simultaneously, a significant amount of GFP signal was observed without forming particles throughout the stroma ( Figure 5A ; gi). The tendency of dispersion of the GFP signals was further strengthened by substituting a glutamate residue for Leu 272 or Leu 275 ( Figure 5A ; j and k), and with the replacement of all five hydrophobic cluster residues with glutamate residues, the clumped GFP signal disappeared and GFP fluorescence was dispersed thoroughly in the stroma (Figure 5A; l) .
A 3D model of the chloroplast of the M263E/L266E/I269E/ L272E/L275E transformant was constructed from integrated sectioning microscopic images and subsequent polygonization ( Figure 5B ). GFP fluorescence was observed throughout the area of the chloroplast ( Figure 5B; a and b) . A polygonized image of the chloroplast clearly showed that GFP fluorescence filled niches of chlorophyll fluorescence ( Figure 5B, b and c) . A part of the sectioning image of the chloroplast was cut out of the model ( Figure 5B ; b, red broken-line box, and d) and was rotated by 90
• on the horizontal axis ( Figure 5B ; e). Cross section of this sliced piece clearly showed the localization of the GFP signal at the central part of the chloroplast and in intricate niches between the thylakoid structures ( Figure 5B, e) . Finally, a polygonized model of GFP signal alone clearly indicated that this mutated PtCA1::GFP fusion protein spread over the whole stroma area without forming particles ( Figure 5B, f) .
DISCUSSION
Our previous studies have shown that two β-type CAs, PtCA1 and PtCA2, were localized, forming large clumped particles, in the chloroplast of P. tricornutum [29, 31] . Studies on chloroplast transit in the presequences of PtCA1 and PtCA2 have clearly shown that these proteins traversed the four-layered chloroplast membranes and were localized and distributed in patches on the surface of the structure emitting chlorophyll fluorescence, but did not occur in the central part of the chloroplast [29, 31] . These results strongly suggested that PtCAs were localized as macromolecular protein complexes being associated with the surface of the girdle lamellae [29, 31] . However, the function and implication of the particle formation are so far not known.
The fact that PtCA1 was purified as a soluble protein [32] indicated that the interaction of this particle must be fairly weak and dissociates easily during purification processes after the chloroplast was disrupted. It is thus probable that PtCA1 (and also PtCA2) possesses a weak interactive capacity intrinsically, which does not fully function outside the stroma. In the present study, we believed that the site responsible for protein-protein interaction of PtCA1 would occur out of the reaction centre, which is a region surrounding the Zn-co-ordination site, Cys 97 , Asp 99 , His 153 and Cys 156 [32, 38] (Figure 1A, asterisks) . The Znco-ordination centre and the surrounding crucial amino acids for CA reaction, which are orientated to Zn, are located between 88 and 157 amino acids relative to the initiation methionine [32] , and this region is enfolded in the central sheet structure of PtCA1 ( Figure 3A) . We believed that protein-protein interaction is unlikely to occur in this region because of possible sterical interference at the active site of the enzyme. According to the most probable tertiary structure model of PtCA1, 20-30 amino acids at both N-and C-termini of the mature PtCA1 protein form α-helices ( Figure 3A) . It was clearly demonstrated from the deletion assay in the present study that PtCA1 requires its C-terminal helix to form particles but neither the loop region of the C-terminus (253-262 amino acids relative to the initiation methionine) nor the N-terminal helix was shown to be relevant to particle formation. The C-terminal helix starts from Tyr 262 , reaches to the end of the C-terminus, and is located at the surface of PtCA1 ( Figure 3A) . Deletion products, C263-272 and C273-282 ( Figure 1B , e and f respectively), thus lacked the initial and the last half of the C-terminal helix ( Figures 3A and 3C) . β-CA usually forms a quaternary structure of oligomers of a homodimer subunits [39, 40] . The known crystallized structures of β-CAs revealed quaternary structures of homodimer, as the basic building block, which joined each other by twisting its N-terminal helices like 'arms' and the tetramer assembled by the dimer units associating with the central part of the enzyme facing the active site towards the surface of the complex [39, 41] (Supplementary Figure S3 at http://www.BiochemJ.org/bj/419/bj4190681add.htm). In the red alga, P. purpureum, a similar structure to the 'basic building block' was attained as a monomer, due to an almost identical duplication of β-CA structure in one polypeptide of β-CA in this species (PPCA) [38] . Hence the dimeric form of PPCA also resembled the tetrameric structure of other β-CAs [38] . In contrast, the C-terminal subdomain of β-CAs seemed to contribute to further oligomerization of the β-CA complex as was observed in β-CA from Pisum sativum [39, 41] . It is probable that, in PtCA1, the C-terminal helix does not participate in the dimer formation either and is thus exposed to one side of each subunit (Supplementary Figure S3) . As a result, the exposed free C-terminal helix exists in the same number as that of the subunit on the CA complex unit, conferring on the PtCA1 complex a multivalent binding capacity, which would be how PtCA1 can form very large macromolecular complexes.
The hydrophobic cluster at the C-terminus of PtCA1 is composed of Met 263 , Leu 266 , Ile 269 , Leu 272 and Leu 275 , which were aligned on one face of the helix (Figure 3 ). This cluster should form a densely methylated band across the helix, which enables hydrophobic interaction with each other. This assumption is supported strongly by the result in the present study that substituting the carboxy group for a methyl group efficiently prohibited particle formation of PtCA1 (Figures 4 and 5) . Since the hydrophobic side chains occur every three residues, the alignment of the methylated band may gently spiral on the helix ( Figure 3C ). This configuration would cause variations in the contribution to hydrophobic interaction among these cluster-forming residues, which probably accounts for the result that the last two Leu 272 and Leu 275 residues appeared to be more crucial in particle formation than the other three residues. The structure of the C-terminus of PtCA2, which also forms clumped particles in the chloroplast, is also strikingly similar to that of PtCA1 (Supplementary Figure S2) . The hydrophobic cluster composed of methylated residues Met 254 , Ile 257 , Ile 260 , Leu 263 and Leu 266 aligned on a helix very similarly to that of PtCA1, indicating that PtCA2 shares the same mechanism of particle formation with PtCA1 (Supplementary Figure S3) . This complex-forming structure of the C-terminus was not found in phylogenically close CAs (Supplementary Figure S1) . The lengths of the C-termini of PtCAs were not significantly different from other β-CAs but the similarity of the C-terminal regions among β-CAs were found to be highly variable [32] . It is probable that the C-terminus of β-CAs evolved to reveal specific functions of each CA, and the complex-forming moiety would be a unique feature in the chloroplastic CAs in diatoms. Interestingly, the similar hydrophobic cluster was also observed in the C-terminal sequences of CAs in some fungi and bacteria (results not shown), suggesting that the complex formation via the function of the Ctermini might be a characteristic that is widespread in CAs among some groups of living organisms.
It has been demonstrated previously that the PtCA1::GFP fusion protein did not form particles when expressed either in the cytosol or in the periplastidal space, which is the matrix within the four-layered chloroplast membrane in diatoms. It was thus suggested that some stromal factors would assist in the formation of particles [29] . Nonetheless, it is indicated in the present study that the structural properties of PtCA1 reveal a potentially self-interactive moiety at its C-terminus, which is supported by the previous data that purified native PtCA1 showed a broad molecular mass in the gel-filtration assay, but the same sample gave a single band on an SDS/PAGE gel [32] . It is thus probable that a weak association mediated by the C-terminal helix of PtCA1 would be strengthened specifically under the conditions that occur in the stroma. Stromal factors, which would enable PtCA1 to form particles in the stroma, are so far unknown. However, a preliminary experiment using LC (liquid chromatography) MS assay demonstrated that immunoprecipitation of the whole cell lysate with the anti-PtCA1 antibody pulled down only two chloroplastic β-CAs, PtCA1 and PtCA2 (results not shown). These two CAs were repeatedly pulled down in five independent experiments but no other significant protein fragment was detected (results not shown). These results suggested that the stromal factor that interacts with PtCA1 and PtCA2 or strengthens the association of PtCAs might not be proteins but may be carbohydrates, lipids or other stromal factors such as redox states. As a possibility, the thylakoid membrane of the girdle lamellae itself would be a candidate for the particle formation factor in the stroma. Alternatively, PtCAs could interact with membrane proteins anchored in the girdle lamellae, which would not be pulled down by the immunoprecipitation technique. C-terminal regions with hydrophobic clusters have been reported to work as a membrane-anchoring structure in processing the protease PACE4E (paired dibasic amino acid cleaving enzyme 4E) in human HepG2 cells [42] and a chloroplastic ascorbate peroxidase in higher plants [43] . Similarly, it is possible that the C-terminal helix of PtCAs also functions to anchor to the thylakoid membrane by the action of its hydrophobic cluster.
In the present study, no noteworthy phenotypic characteristics were detected in these mutants expressing dispersed PtCA1 (results not shown). The accumulation of the PtCA1::GFP fusion protein was shown to be only at a trace level compared with the very high level of accumulation of endogenous PtCA1 in cells grown under atmospheric CO 2 conditions [29] . This low expression level of GFP fusion proteins is presumably due to a low activity of the promoter of the fucoxanthin-chlorophyll a/c-binding protein A gene (PfcpA), which was used to drive the ptca1::egfp chimaera genes in the present study, and no other significantly efficient expression system is available at present in diatom species. We thus postulate that the endogenous PtCA1 cluster is still present intact and apparently is functioning properly in these mutants. Detailed physiological functions of PtCAs and their cluster-forming amphipathic helix are the subject to be solved as the next step with the development of an efficient overexpression system of exogenously introduced genes and genesilencing techniques, such as RNA interference, in marine diatoms.
The occurrence of abundant CAs in the chloroplast strongly suggests that there is a system to control the flux of inorganic carbon in the chloroplast of marine diatoms. As has been well established in green algae and cyanobacteria, flux control of inorganic carbon by appropriately localized CAs in the close proximity of CO 2 fixation is a crucial step for achieving highaffinity photosynthesis in the aquatic environment under CO 2 limitation [17, 18, 21] . In the marine diatom P. tricornutum, the critical function of internal CAs in high-affinity photosynthesis is also shown clearly by the previous results that only photosynthetic affinity was abolished by the highly permeable CA inhibitor EZA, whereas the maximum photosynthetic activity was not changed by EZA treatment. The weakly permeable CA inhibitor acetazolamide did not affect either affinity or maximum photosynthetic activity in P. tricornutum [32] . In the genomes of two marine diatoms, P. tricornutum and Thalassiosira pseudonana, there are eight to nine putative CA sequences for each organism (results not shown). Although the occurrences and function of each intracellular CA in marine diatoms are yet to be elucidated, the results shown in the present study strongly suggest that the architecture of the stroma forms highly localized reaction clusters of CAs at peripheral areas of the interior of the chloroplast envelope, being aided by the function of C-terminal hydrophobic clusters of these enzymes. CA catalyses fast reversible interconversion of CO 2 and HCO 3 − and could create an HCO 3 − layer at the outermost area of the stroma and an efficient flux of CO 2 to the central part of the chloroplast, both or either of which would enable the chloroplast to control CO 2 The C-terminal sequence from 253 to 282 relative to the initiator methionine of PtCA1 was compared, with respect to their arrangement of hydrophobic residues, with the corresponding region of other β-CAs from the red alga, Porphyridium pupureum (accession no. BAA12981), the green alga, Coccomyxa sp. (AAC33484), and the budding yeast, S. cerevisiae (AAC49352). Hydrophobic amino acids are circled. In PtCA1, as shown in Figure 3 of the main text, hydrophobic residues that are aligned straight on the helix structure are boxed by a blue line. (C) A putative model of higher oligomerization of the tetramer unit shown in (B) mediated by the C-terminal hydrophobic cluster. Helix structures at the C-and N-termini are indicated by small cylinders. The central barrel structure, which includes the zinc-co-ordination site, is indicated by large cylinders. These main structures are discriminated by red and yellow colours for other monomers. Small cylinders of blue and magenta colours with white stripes indicate C-terminal helixes with hydrophobic clusters. In the model of (C), each tetrameric structure joins via interaction between hydrophobic clusters.
